ABSTRAa. The transfer and metabolism of L-carnitine, L-acetylcarnitine, and L-palmitoylcarnitine were studied in the human placenta at term by means of in vitro dual perfusion of a placental lobe. L-Carnitine transfer was 20% that of the freely diffusing antipyrine and 40% that of Llysine. The transfer of L-acetylcarnitine was similar to that of ccarnitine, but no placental transfer of L-palmitoylcarnitine was found. In contrast to L-lvsine. L-carnitine. and -,
tremely slow carnitine placental transport has been found in the sheep in vivo, rapid transfer occurs across the guinea pig placenta (9) . Until now, only indirect evidence exists for carnitine placental transfer in the human. A strong correlation has been found between maternal and umbilical carnitine blood concentrations (10) . Nothing is known about the mechanism by which carnitine may cross the placenta. Free carnitine concentrations have been reported to be higher in umbilical than in maternal venous blood (1 1, 10) . This finding has given rise to the speculation that active transport from the mother to the fetus occurs. However, we found decreased free carnitine and increased acylcarnitine concentrations in maternal blood at delivery compared with those from pregnant women not in labor (10) . This could be attributed to acute changes in maternal fat metabolism and makes it difficult to draw conclusions about the role of the placenta in carnitine transfer from a comparison of maternal and umbilical blood levels. Moreover, carnitine acetyltransferase (12, 13) and carnitine palmitoyltransferase activities (12, 14) have been demonstrated in the human placenta suggesting that the placenta itself may actively participate in perinatal carnitine metabolism. To study human placental carnitine transfer and metabolism isolated from maternal or fetal metabolic influences, we performed experiments using the in vitro dual perfused human placental lobe.
MATERIALS AND METHODS
Perfusion technique. Twenty-seven placentas were obtained from uncomplicated term gestations by vaginal or abdominal deliveries and immediately prepared for study. Using the technique of dual perfusion of an isolated human placental lobe described by Schneider et al. (15) , fine steel cannulas were inserted into the artery and vein supplying the chorionic vascular system. The lobe (mean weight 34.8 g) was immediately perfused with fetal perfusate, removed from the rest of the placenta, and fixed with the maternal side upward in a thermoregulated plexiglass chamber. For establishment of the maternal circulation, three to five steel cannulas were inserted into the intervillous space by penetrating the decidual plate over the blanched area (maternal artery). Perfusate leaving the intervillous space through venous openings in the decidual plate was collected from the chamber by suction (maternal vein). The maximal time span between delivery of the placenta and establishment of both perfusion circuits was 30 min.
The perfusates consisted of Earl's buffered salt solution containing human serum albumin (0.4 g/dl) and glucose (8.3 mM on the maternal side; 2.8 mM on the fetal side). They were kept in a water bath at 37" C and gassed with 95% 0 2 and 5% C02. Maternal and fetal venous samples were collected at appropriate time intervals for analysis. Flow and pressure were continuously monitored in both circuits. Flow rates ranged from 9-15 ml/ min on the maternal and from 7-14 ml/min on the fetal side, depending on the size of the perfused placental lobe.
Perfusion pressures ranged from 35-55 mm Hg in the fetal circulation. To judge the viability of the preparation, glucose consumption and lactate and pyruvate production were measured.
In five cases, the experiments had to be interrupted for technical reasons, e.g. major leaks, and were excluded from evaluation.
Experimental Design. Series I. In five experiments both circulations were kept open, i.e. the perfusates were not recirculated. After 12 min of perfusion with carnitine free medium, L-carnitine (30 pM, Serva Chemical Co.), L-acetylcarnitine (30 pM, Serva Co.), and L-palmitoylcarnitine (20 pM, Serva Co.) were sequentially added in three experimental phases (duration 30 min) to the maternal perfusate which contained antipyrine (0.42 mM) as reference substance. The sequence of addition was alternated among experiments. There was no carnitine or antipyrine in the fetal perfusate. The placental lobe was perfused with carnitinefree medium for 15 min between the three phases. Maternal and fetal venous samples were collected after 10, 20, and 30 min of perfusion in each phase. One sample pair was obtained for carnitine measurement at the end of each carnitine-free period to measure carnitine release from the placenta and to assure complete washout of carnitine from the intravascular space.
Transfer and clearance of carnitine, carnitine esters, glucose, and antipyrine were calculated from the mean of three measurements according to the following formulas (16) (FV) . QF refers to the fetal flow rate. Transfer and clearance did not systematically vary during the course of perfusion. To reduce the influence of hemodynamic, anatomic, and technical variables among the experiments (17), the clearance was also expressed as percentage of antipyrine clearance (clearance index). Series II. In nine experiments, both the maternal and fetal perfusates contained equal concentrations of 3H-~-lysine (0.14 mM; 1.5 &/liter, New England Nuclear) and L-carnitine (30 pM) or L-acetylcarnitine (30 pM). Antipyrine was present only in the maternal perfusate. After 25 min with both circulations open, the fetal circulation was closed, i.e. the fetal perfusate (approximately 100 ml) was recirculated. The maternal circulation remained open throughout the experiments so that the concentrations of all substances offered to the placenta were constant. After 30,60,90, 120, and 150 min of fetal recirculation, samples were collected from both circulations.
Series III. In eight experiments, the following substances were added to the maternal perfusate: 1) '4C-~-carnitine (30 pM; 2. The fetal perfusate contained the unlabeled substances in the same concentrations. As in series 11, the maternal circulation was kept open, the fetal perfusate was recirculated, and samples were taken at the same intervals. At the end of the experiment the fetal perfusate was collected for chromatographic analysis. Thereafter, the perfusion was continued for 10 min with unlabeled medium to remove as much radioactivity as possible from the intravascular space. The perfused placenta was then frozen in liquid nitrogen.
Differentially labeled L-and D-isomers were compared in order to detect stereospecific transport mechanisms for the uptake of carnitine. Isotope uptake from the maternal perfusate is accounted for by 1) retention in the placental tissue and 2) transfer into the fetal circulation which we called transplacental exchange since there was equal substrate concentration on both sides of the placental bamer.
Uptake, placental retention, and transplacental exchange are expressed in the following relative terms (1 8 Analytical methods. The perfusion media were immediately centrifuged to remove red blood cells and the supernatants stored frozen at -32" C until analysis. Free and total carnitine were measured by a modification (10) of the enzymatic radiochemical method of McGarry and Foster (19) . Long-chain acylcarnitine was measured by the method of Brass and Hoppel (20) . Glucose (2 I), pyruvate (22) , lactate (23) , and antipyrine (24) were measured with an autoanalyzer. The radioactivity was measured in two channels ('H/I4C) with a Phillips liquid scintillation spectrometer.
For chromatographic separation of 14C-labeled carnitine derivatives, 10 ml perfusate were mixed with 1 ml perchloric acid (2.5 M) and centrifuged. The precipitate was analyzed for radioactivity. The supernatant was adjusted to pH 6.5 with KOH and freeze-dried. The resulting powder was dissolved in 0.5 ml methanollwater (9: 1, v/v), put on a silica gel column (Kieselgel60 H, Merck Co., 16 x 10 mm), and eluted with acidified methanol/ water (9: 1, v/v, pH 5-6). The first 4 ml of eluate containing salts, but no radioactivity, were discarded. The following 12 ml of eluate containing almost all the radioactivity were collected and evaporated under a stream of nitrogen. After addition of D,Lcarnitine-HC1 (0.25 pmol) and L-acetylcarnitine-HC1 (0.20 pmol) as internal standards, the sample was dissolved in a small volume of methanol, spotted on a precoated thin-layer chromatography plate (Kieselgel 60, Merck Co.) and developed in a system containing chloroform/methanol/water/conc. ammonia/ conc. formic acid (55:35:5:2:3, v/v). The spots were visualized in iodine vapors and marked. The Rr values were 0.23 for free carnitine and 0.26 for acetylcarnitine. After evaporation of the iodine, the spots were scraped directly into scintillation vials and counted. The area between the acetylcarnitine spot and the solvent front which presumably contained other short-and medium-chain acylcarnitines was also scraped from the plate and measured for radioactivity. The concentrations of 14C-labeled carnitines were expressed as percentage of total radioactivity recovered from the plate.
Unperfused placental tissue was measured for total acid soluble and free carnitine as previously described (7) . Placental tissue perfused with radiolabeled carnitine was homogenized in ice cold perchloric acid (0.6 M), centrifuged, and the supernatant was analyzed for labeled carnitine and carnitine esters as described above. The precipitate was washed three times with perchloric acid, hydrolyzed with KOH, reprecipitated with perchloric acid, and the resulting supernatant was measured for radioactivity of long-chain acylcarnitines.
RESULTS
Viability parameters. Glucose consumption was 0.16 a 0.1 1 Pmol/min .g; lactate production was 0.39 f 0.15 ~mol/min -g; and pyruvate production was 0.02 f 0.0 1 Pmol/min. g perfused tissue (means f SD). These parameters did not vary significantly throughout the duration of perfusion (approximately 150 min).
Series I. During the initial perfusion with carnitine-free medium small concentrations of free and acylcarnitine were measured in the maternal (1.4 + 0.4 and 0.9 + 0.8 PM, respectively) and the fetal (0.4 +. 0.2 and 0.6 f 0.3 PM, respectively) (means f SD) venous return. These concentrations representing carnitine release from placental tissue were much lower than those found in the venous returns during perfusion with carnitine or carnitine esters and were subtracted from the latter.
In four experiments where clearance, clearance index, and transfer could be evaluated for all carnitines, these parameters were slightly but not significantly higher for free carnitine than for acetylcarnitine ( Table 1 ). The clearance and clearance index for D-glucose were clearly higher ( p < 0.01, Wilcoxon signed ranks test). No transfer of L-palmitoylcarnitine across the placenta could be detected.
If the maternal perfusate (maternal artery) contained only Lcarnitine, up to 30% of the total carnitine recovered at the maternal venous side consisted of esterified carnitine. If the maternal arterial perfusion medium contained only L-acetylcarnitine or L-palmitoylcarnitine, up to 10% of the total carnitine at the maternal venous side was in the free form. This was not due to spontaneous hydrolization of carnitine esters in the medium, since the carnitine esters used were shown to be stable under these conditions for at least 3 h.
During perfusion with L-palmitoylcarnitine, up to 40% of the amount offered to the placental lobe was taken up by the placental tissue without being released into the fetal circulation.
Series II. In six of nine experiments a fetal to maternal concentration ratio (FV/MA) greater than 1 was seen for 3 H -~-lysine after recirculation of the fetal perfusate (Fig. 1) . No such gradient could be demonstrated for L-carnitine or L-acetylcarnitine.
When the maternal arterial perfusion medium contained Lcarnitine, carnitine esters accumulated in the fetal circulation (Fig. 2a) ; whereas perfusion with L-acetylcarnitine resulted in the accumulation of free carnitine on the fetal side (Fig. 2b) . No long-chain acylcarnitine esters could be detected in the fetal circulation.
Series III. The rate of appearance of I4C-L-carnitine (exchange rate) on the fetal side during fetal recirculation was about 40% that of 3H-~-lysine (Fig. 3) . During the initial phase of the experiment, the rate of transfer of antipyrine was greater than that of 'H-L-lysine ( p < 0.02). However, after 150 min of recirculation, the fetal concentration of 3H-~-lysine was greater than that of antipyrine ( p < 0.02, Wilcoxon signed ranks test).
While the concentration curve for lysine was still rising at 150 min, that for antipyrine was at a plateau. The maximal concentration of antipyrine in the fetal circulation remained below that in the maternal perfusate; whereas that of 'H-L-lysine exceeded the concentration in the maternal perfusate after 150 min of fetal recirculation in two experiments.
In all four experiments with differentially labeled L-and Disomers of carnitine, there was a larger uptake of I4C-L-carnitine from the maternal perfusate, but a higher exchange rate of 3H-D-carnitine across the placenta (Fig. 4, Table 2 ). Therefore, the relative placental uptake of L-and D-i~omefS of carnitine (L:D) was always greater than 1; whereas the relative transplacental exchange was always below 1 ( Table 2) .
Placental retention of I4c-L-carnitine was higher than that of 3H-~carnitine in most cases; the concentration of 14C-isotope in placental tissue exceeded that in the maternal perfusate (Tables Table 2) . However, the specific activity of I4C-L-carnitine (Table 3) . Between 1 and 2% of the total radioactivity in the in the placenta remained far below that in the maternal perfusate placenta was recovered as long-chain acylcarnitine, but no ra-(data not shown). diolabeled long-chain acylcarnitine was detected in the fetal Chromatographic analysis of perfused placental tissue and perfusate. recirculated fetal medium revealed that up to 40% of the total In seven unperfused placentas, the free carnitine concentration acid soluble 14C-radioactivity in the placenta and up to 6.5% of was about 15 times greater than that in maternal or umbilical Mean * 14C-~-and 'H-D-carnitine were added to the maternal perfusate only. The maternal circulation was kept open and the fetal perfusate was recirculated. The isotope concentrations are expressed as percentage of the maternal arterial perfusate concentration (MA in cpm/ml), according to the formulas given herein, and are derived from samples taken after 60 min of fetal recirculation from the maternal venous (MV in cpm/ml) and fetal venous (FV in cpm/ml) perfusates or at the end of the experiments from perfused placental tissue (P in cpm/g wet weight). L:D are the respective isotope ratios (see formulas in "Materials and methods"). (Table 4) ; 24% of the total acid soluble carnitine in placental tissue was in the esterified form.
DISCUSSION
The double circuit in vitro perfusion of an isolated lobe of human term placenta has been successfully used to study placental transfer of important substrates for fetal metabolism.
It has been established that in this system, ultrastructural and metabolic integrity of the placenta is maintained for up to 12 h (25). For amino acids and glucose, a stereo-specific camermediated mechanism could be demonstrated which accelerates transfer of the natural isomer from the maternal to the fetal circulation (1 6, 18) . Furthermore, the active transport of L-amino acids against a concentration gradient could be shown. It, therefore, seemed appropriate to apply this experimental approach to the study of the transplacental movement of carnitine.
As expected from measurements in maternal and umbilical blood, there is significant transfer of carnitine across the human term placenta. Our results do not exclude a different placental permeability to carnitine earlier in gestation. Although calculations based on in vitro transfer rates may not necessarily be appropriate for the estimation of in vivo transfer, they may give a rough indication of whether or not carnitine transfer across the placenta covers fetal requirements. Calculated on the basis of an average placental weight of 450 g, the maximal transfer of carnitine from the maternal to the fetal circulation is about 500 pmol/day. The rate of accumulation of carnitine in the fetus during the last trimester of pregnancy was calculated to be 13 pmol/day, based on recent measurements of tissue carnitine concentrations at autopsy (25) . Thus, the capacity of the placenta to deliver carnitine to the fetal circulation is far in excess of the estimated fetal carnitine requirement. Therefore, the accumulation of carnitine in fetal tissues would theoretically not require fetal biosynthesis.
Carnitine is transferred across the placenta in the form of free carnitine, acetylcarnitine [presumably the major fraction of carnitine esters in plasma (27) ], and possibly other short-chain acylcarnitines. No transfer of palmitoylcarnitine [present in plasma in small amounts (28) ] could be detected. This may be partly due to the strong binding of palmitoylcarnitine to albumin (Schmidt-Sommerfeld E, unpublished data), and possibly also to placental tissue protein, suggested by the large placental uptake of palmitoylcarnitine during perfusion. Protein binding is known to affect placental transfer of lipophilic compounds (29) . There was also no measurable release of labeled long-chain acylcarnitines from the placenta into the perfusates. These findings suggest that long-chain fatty acids are not transferred across the placental membrane in the form of carnitine esters.
The mechanism of carnitine transfer from the maternal to the fetal circulation was investigated in series I1 and 111. Although in series 11, an uphill maternal-fetal concentration gradient could be established for the reference substance L-lysine, no such gradient was found for L-carnitine or L-acetylcarnitine (Fig. I) . This suggests that, in contrast to certain amino acids, there is no active transport of carnitine from the maternal to the fetal side of the placenta. In series 111, the transplacental exchange rate of L-carnitine, an approximation of the maximal transfer rate (1 8), did not exceed that of the unphysiological D-isomer (Fig. 4) .
As suggested from measurements of the specific activity of I4C-L-carnitine in placental tissue homogenate, full equilibration of the isotope with the intracellular L-carnitine pool was not achieved, probably due to the limited duration of the experiments. Whether this lack of equilibration affected transplacental exchange of isotope remains unclear. Therefore, a stereospecific transport system, accelerating the transfer of carnitine from the maternal to the fetal circulation, cannot be ruled out by these findings. However, similar experiments with differentially labeled L-and D-amino acids had shown a preferential transfer of the Lform even before an isotopic steady-state was achieved (1 8). We, therefore, consider the existence of such a transport system for L-carnitine to be unlikely. Furthermore, the clearance index which was measured for unlabeled L-carnitine (Table 1) is quite similar to that previously obtained for other hydrophilic compounds of comparable molecular size like ~-1eucine (18) or Lglucose (16), for which no transport system exists. It is well established that in the hemochorial placenta, hydrophilic molecules up to the size of inulin (molecular weight 5000) do not encounter steric hindrance during diffusion through large waterfilled channels in the extracellular space (30) . The in vitro measured transfer of carnitine across the placental barrier is, therefore, compatible with passive diffusion.
However, placental uptake of 14C-L-carnitine was higher than that of 'H-D-carnitine and the concentration of 14C-isotope in the tissue extract was usually higher than that in the perfusion media (Table 2 ). This may reflect a stereospecific uptake of Lcarnitine and/or cellular sequestration of the label as carnitine ester. A cellular uphill transport mechanism of carnitine has not yet been described in the placenta, but is known to exist in a number of other tissues, e.g. muscle (3 l), heart (32), liver (33) , and kidney (34) .
Our results also suggest that the human term placenta plays an active role in carnitine metabolism since perfusion with Lcarnitine resulted in the release of short-chain acylcarnitines into the fetal, as well as maternal, circulation. On the other hand, free carnitine was detected in both perfusates when the placental lobe was perfused with L-acetylcarnitine. A strikingly high placental uptake of L-palmitoylcarnitine was observed.
The recovery of radiolabeled carnitine esters from placental tissue following perfusion with I4C-L-carnitine proved that free carnitine of maternal origin can be esterified by the placenta to short-and long-chain acylcarnitine esters. In agreement with the literature (13), the concentration of acid soluble acylcarnitine in unperfused placenta was 24% of total acid soluble carnitine (Table 4 ). An even higher percentage was recovered in perfused placental tissue at the end of our experiments (Table 3) .
Our findings are compatible with earlier investigations that demonstrated the presence of carnitine acyltransferase and carnitine palmitoyltransferase activities in the human placenta (1 2-14), as well as the capacity of human placental tissue to oxidize I4C-palmitate in vitro (35) , and of placental mitochondria to oxidize palmitoylcarnitine (36) .
Little is known about the physiological significance of fat catabolism in the placenta. It has been suggested that fatty acids are not the principal energy yielding substrates for the human placenta (37) . However, the relative utilization of glucose versus fatty acids by the placenta under different metabolic conditions, e.g. maternal diabetes mellitus or toxemia of pregnancy, has not yet been investigated. The significance of placental fatty acid oxidation for substrate transfer to the fetus is also not known. The limited release of carnitine esters into the fetal circulation suggests that under normal metabolic conditions, placental formation of acylcarnitine through @-oxidation may not be quantitatively important for the supply of high energy substrates to the fetus. The formation of acetylcarnitine may instead reflect the placenta's ability to reduce a potentially toxic accumulation of intramitochondrial acetyl coenzyme A and to maintain the intramitochondrial free coenzyme A pool. Such a mechanism for reducing intramitochondrial acetyl coenzyme A "pressure" has been suggested for other tissues (38) .
In summary, at least three mechanisms seem to be involved in placental carnitine transport: 1) passive diffusion through extracellular channels; 2) stereospecific cellular uptake; and 3) intracellular modification and release of metabolites. We suggest that mechanism one is quantitatively the most important for the supply of carnitine to the fetus, while mechanisms two and three play roles in placental tissue metabolism.
ABSTRACT. Newborn infants and animals typically exhibit a paradoxical ventilatory response to hypoxia. The depressive phase of the response has not been adequately explained. It has been suggested that hypoxia may cause the release of inhibitory neuromodulators which depress ventilation. We have postulated that the nucleoside, adenosine, may be involved because 1) it is rapidly released during hypoxia, 2) it depresses ventilation, and 3) theophylline, a competitive inhibitor, has successfully been used to treat apnea of prematurity. Herein we describe the effects of aminophylline on ventilation during hypoxia in the spontaneously breathing newborn piglet administered both rapidly after ventilatory depression has occurred (bolus) and before the onset of hypoxia (pretreatment). Ten percent oxygen breathing produced a typical biphasic ventilatory response. The decrease in minute ventilation was caused by a decrease in both tidal volume and respiratory frequency. The bolus administration of aminophylline reversed the depression in minute ventilation ( p c 0.001) by increasing tital volume ( p < 0.002). Pretreatment with aminophylline decreased the amount of ventilatory depression (p < 0.05) by preventing a decrease in respiratory frequency. We conclude that aminophylline, an adenosine antagonist, reduces the decrease in ventilation which occurs during hypoxia in the newborn. We speculate that adenosine may play a role in hypoxic ventilatory depression and respiratory control in the newborn. The paradoxical ventilatory response to hypoxia has been well documented in the newborn animal and human, and may contribute to the etiology of neonatal apnea. The neonate typically exhibits a biphasic ventilatory response to hypoxia (1-3) characterized by a brief increase in Ve, followed by a sustained decrease which is further accentuated by the resumption of normoxic or hyperoxic gas inhalation. The initial increase in ventilation has conventionally been explained as reflecting peripheral chemoreceptor stimulation. The subsequent decrease, however, has not been satisfactorily explained. A failure of peripheral chemoreceptors is probably not involved (4-6) but a number of other mechanisms have been suggested including alterations in pulmonary mechanics (7), and hypoxic depression of central respiratory centers (8) .
Central depression of respiration might be caused by a decrease in metabolic rate (9) , alterations in cerebral blood flow (lo), rapid exhaustion of facilitory neurotransmitter stores (1 1-13) , or the release of rapid acting inhibitory neuromodulator such as endogenous opioids (14) or GABA (15) . We have recently postulated that the nucleoside, adenosine, may also be a candidate as an inhibitory neuromodulator (16, 17) . Our postulate is based on three lines of evidence: 1) theophylline, a specific competitive inhibitor of adenosine, is effective in treating neonatal apnea (1 8); 2) adenosine is rapidly released in the brain during hypoxia (1 9); and 3) adenosine depresses ventilation when administered systemically or applied to the brainstem (20) . Herein we describe the effects of theophylline on the hypoxic ventilatory response both when administered prior to the onset of hypoxia (pretreatment) and when given rapidly during hypoxia (bolus).
